The Vinca alkaloids are a group of widely used anticancer drugs, originally extracted from the Madagascar periwinkle, that disrupt microtubule dynamics in mammalian cells by interfering with proper assembly of , -tubulin heterodimers. They favor curved tubulin assemblies that destabilize microtubules and induce formation of spiral aggregates. Their binding energy profiles have been characterized by means of sedimentation velocity assays and the binding site of vinblastine at the interface between two tubulin dimers ( 1 1-2 2) has been ascertained by X-ray crystallographic studies on a complex of tubulin with the stathmin-like domain of protein RB3, albeit at relatively low resolution. Here we use molecular modeling and simulation techniques to build, refine and perform a comparative analysis of the three-dimensional complexes of vinblastine, vincristine, vinorelbine and vinflunine with a 1 2-tubulin interface in explicit water to rationalize the binding affinity differences in structural and energetic terms. Our results shed some more light into the binding determinants and the structure-activity relationships of these clinically useful agents.
INTRODUCTION
Microtubules (MT) are key cell structures found in eukaryotes that play a vital role in the organization of the spatial distribution of organelles throughout interphase and of chromosomes during cell division. MT assemble from protofilaments built through longitudinal head-to-tail juxtaposition of , -tubulin heterodimers. -and -tubulin are the most conserved proteins in eukaryotes and they belong, along with their prokaryotic ancestors, to the distinct tubulin superfamily of GTPases, whose common structure is an N-terminal, or nucleotide binding domain, connected by a core helix (H7) to a C-terminal domain [1] . Each monomer binds a GTP molecule [2] but, whereas the nucleotide bound to the subunit is nonhydrolysable and nonexchangeable, that bound to the subunit is hydrolysable and exchangeable in unassembled tubulin heterodimers. This is so because, upon head-to-tail assembly of two heterodimers, residues from the subunit complete the functional architecture of the GTP hydrolysis site in the subunit. Subsequently, once the -phosphate group has been cleaved, GDP is sequestered at the nucleotide exchangeable site and MT disassemble by peeling outwards. Catastrophe ensues when the disassembly rate dominates over assembly formation and this occurs because the once straight GTP-bound tubulin heterodimers curve following hydrolysis of the GTP nucleotide [3] . Since GTP hydrolysis accompanies MT assembly, and GDP-tubulin is released upon depolymerization, tubulin has to exchange its bound GDP with GTP in order to assemble again. These two properties, GTP hydrolysis and nucleotide exchange, are therefore intrinsic to tubulin. MT dynamics is also affected by the presence of the cell-cycle regulating protein stathmin, which interacts with two , -tubulin heterodimers to form a tight ternary complex, the so-called T2S complex, that is unsuitable for MT formation. Stathmin phosphorylation on Ser16, Ser25, Ser38 and Ser63 by cell cycle kinases at the onset of mitosis weakens this association and the increased concentration *Address correspondence to this author at the Departmento de Farmacologí a, Universidad de Alcalá, 28871 Alcalá de Henares, Madrid, Spain; Tel: +34-918854514; Fax: +34-918854591; E-mail: federico.gago@ uah.es of tubulin available in the cytoplasm allows the assembly of the mitotic spindle [4] . Another regulatory mechanism in cell proliferation is the alteration of the rate of catastrophe brought about by the existence of different -tubulin isotypes [5, 6] . Moreover, recent evidence has demonstrated the presence of unhydrolysed GTPbound tubulin not only at the growing end of MT but also in older parts where it could play a role in the rescue events that recover these structures from catastrophe [7] .
MT dynamics, and therefore cell division, can also be perturbed by small molecules, and this interference can lead to cell death [8] . This antimitotic property is, in fact, exploited by a number of potent anticancer chemotherapeutic drugs, which are usually divided into two groups: (i) MT-stabilizing agents that prevent depolymerization, and (ii) MT-depolymerizing agents that inhibit MT formation. The former bind to polymerized MT, stabilize the M-loop that is responsible for lateral interactions between neighboring protofilaments, and prevent depolymerization even after GTP hydrolysis [9] . A common characteristic of these drugs is that they have two binding sites: an external site of lower affinity located at the MT pore to which they bind before being internalized to the lumen, and a higher-affinity luminal site located inside the MT [10] [11] [12] . The best known MT-stabilizing drugs are the clinically used taxanes, paclitaxel (Taxol ® ) and docetaxel (Taxotere ® ) [13] , and the epothilone B analogue ixabepilone (I XEMPRA ® ) [14] .
MT-destabilizing agents bind to unpolymerized tubulin and block MT formation. Two distinct binding sites were early recognized, with affinities for colchicine and the so-called Vinca alkaloids, respectively. Colchicine is a secondary metabolite produced by plants of the genus Colchicum that has been known for centuries for its pain-relieving effects in acute gout flares and has also been used to induce polyploidy in plant cells because it inhibits chromosome segregation during meiosis. Vinblastine (a.k.a. vincaleukoblastine, VLB) and vincristine (VNC), on the other hand, were originally isolated from the Madagascar periwinkle (Catharanthus roseus, basionym Vinca rosea) and have been in clinical use for the chemotherapy of a number of hematological and solid tumors for many years [15] . The capacity of these alkaloids to arrest cells in metaphase is due to the fact that they inhibit the assembly and dynamics of MT.
The colchicine-binding site is a pocket located within -tubulin at the interface with the -subunit of the same heterodimer [16] . Addition of colchicine to steady-state MT inhibits their growth and induces their disassembly into heterodimers [17] . Several crystal structures (Protein Data Bank [PDB] entries 1SA0, 1SA1, 3HKC, 3HKD, 3HKE, 3N2K, and 3N2G) have been solved of protein complexes comprising the stathmin-like domain of protein RB3 (RB-SLD) and two tubulin heterodimers with ligands bound at the colchicine-binding site. These complexes show a curved arrangement of tubulin that prevents it from adopting the straight conformation needed for MT formation [18] . Soaking of some of these crystals with VLB [19] and use of synchroton radiation allowed Knossow et al. to determine the binding site for this alkaloid at 4.1 Å resolution: VLB is located at the longitudinal interface between two tubulin heterodimers next to the exchangeable GTP-binding site (E-site) [20] . This location explains why the Vinca alkaloids inhibit GTP hydrolysis [21] , a bimolecular process in which residues from the -tubulin subunit are used to catalyze the cleavage of the -phosphodiester linkage of the GTP molecule bound to the neighboring -tubulin subunit. The observed bent structure also accounts for the tendency of these drugs to induce self-association of tubulin into spiral aggregates at the expense of MT growth [22] . Interestingly, a bent conformation of free tubulin dimers has recently been demonstrated, which suggests that stathmin evolved to recognize curved structures in unassembled and disassembling tubulin [23] .
Since the binding of natural Vinca alkaloids, as well as that of their semi-synthetic analogs vinorelbine (VNR) and vinflunine (VFN) [24] , is linked to tubulin self-association, their affinities have been determined by sedimentation velocity experiments at different temperatures. These studies have concluded that their binding is entropically driven and that the overall affinities decrease in the order VNC > VLB > VNR > VFN, with the latter inducing the shortest spirals [25] [26] [27] . However, the affinity of the four compounds for tubulin heterodimers appears to be almost identical, the major differences among them being due to the distinct affinities of the resulting liganded heterodimers for polymerized spirals. Likewise, no preference for binding to certain tubulin isotypes over others has been observed although the binding was reported to be enhanced by the presence of GDP rather that GTP in the nucleotide binding site [28] . On the other hand, the origin of the positive binding enthalpy ( H) and/or the contributions to the observed enthalpy-entropy ( S) compensations [29, 30] remain to be established.
The binding of VLB to tubulin can be inhibited noncompetitively by yet another class of compounds represented by halichondrin B, which was first extracted from a marine Japanese sponge, Halichondria okadai [31] , and by its synthetic analogue, eribulin, which is approved for the treatment of metastatic breast cancer [32] . These agents bind to -tubulin near the exchangeable GTP-binding site [33] but do not affect the binding of colchicine [34] . They suppress MT growth and sequester tubulin into nonfunctional aggregates [35] but, unlike the Vinca alkaloids, they have no effect on MT shortening.
In this study we have tried to shed some more light into the binding of VLB, VNC, VNR and VFN (Fig. 1) to tubulin heterodimers using molecular modeling techniques, molecular dynamics (MD) simulations, continuum electrostatics calculations and energy decomposition analysis.
METHODOLOGY
The crystal structure of the VLB-colchicine-tubulin-RB-SLD assembly at 4.1 Å resolution (PDB entry 1Z2B) was used as a template to build molecular models of the whole set of complexes. For computational limitations, our systems comprised the GDPbound -tubulin subunit of the "bottom" heterodimer ( 1 ), the GTPMg 2+ -bound -tubulin subunit of the "top" heterodimer ( 2 ) and the respective Vinca alkaloid bound at the interface between them (Fig. 2) . VNC, VNR and VFN were modeled inside the binding site by editing and refining the three-dimensional structure of VLB. The molecular graphics program PyMOL version 0.99 (DeLano Scientific, LLC, Palo Alto, CA) was employed for visualization and model building.
Addition of missing hydrogen atoms and computation of the protonation state of titratable groups in and -tubulin at pH 6.5 were carried out using the H++ Web server [36] , which relies on AMBER [37] force-field parameters and finite difference solutions Fig. (1) . Chemical formulae of the four Vinca alkaloids studied: vinblastine (VLB), vincristine (VNC), vinorelbine (VNR) and vinflunine (VFN).
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to the Poisson-Boltzmann equation [38] . The charge distribution for the ligands studied was obtained by fitting the quantum mechanically calculated (RHF/6-31G*//RHF/3-21G*) molecular electrostatic potential (MEP) of the geometry-optimized molecule to a point charge model, as implemented in Gaussian 03 (Gaussian, Inc., Wallingford, CT). Consistent bonded and non-bonded AMBER parameters for the Vinca alkaloids were assigned by analogy or through interpolation from those already present in the AMBER database (ff03). Each molecular system was immersed in a truncated octahedron containing ~32,300 TIP3P water molecules [39] and 23 Na + ions [40] to achieve system electroneutrality. The sander and pmemd modules from the AMBER10 suite (http:// ambermd.org/) were used for the restrained and unrestrained MD simulations, respectively. Periodic boundary conditions were applied and electrostatic interactions were treated using the smooth particle mesh Ewald method [41] with a grid spacing of 1 Å. The cutoff distance for the non-bonded interactions was 9 Å, the SHAKE [42] algorithm was applied to all bonds, and an integration step of 2.0 fs was used throughout. After an initial energy minimization of the water molecules and counterions, the system was heated to 300 K in 25 ps after which the solvent was allowed to redistribute around the positionally restrained solute for 220 ps. After this time, only the protein C atoms were restrained with a harmonic force constant of 10 kcal/mol·Å 2 so as to explore the mutual adaptation between ligand and amino acid side chains without altering the overall conformation of the dimer. Snapshots from each 10-ns MD trajectory were collected every 20 ps for further analysis. For visualization purposes, a representative average structure for each complex was calculated and refined using energy minimization.
To get an estimate of the free energy change that describes tubulin-ligand binding we calculated the difference between the free energy of the complex and that of the respective binding partners using a hybrid molecular mechanics (MM)/generalized Bornsurface area (GBSA) approach, as implemented in AMBER 10 [43, 44] . Energy values were calculated as the averages over 200 snapshots from the middle part of the production phase of the MD trajectory for each complex. The van der Waals contribution to the binding energy was represented as the sum of the total G vdW calculated in the gas phase and the total G surf calculated from the solvent-accessible surface area (SASA) [45] , which was determined using a water probe of radius 1.4 Å. The electrostatic contribution to the binding energy was estimated as the sum of the total G ele calculated in the gas phase and the total G GB calculated by solving the generalized Born equation [46] using dielectric constants of 1 and 78.5 for solute and solvent, respectively.
To study the conformational space of free VLB in aqueous solution, the drug was extracted from the complex and, in its bound conformation, immersed in a cubic box containing ~1,400 TIP3P water molecules and a chloride ion to achieve electroneutrality. The energy of this system was minimized in the AMBER force field prior to running unrestrained MD simulations for 100 ns using the same conditions as for the complexes. The trajectories were then processed with the ptraj module in the AMBER 11 suite to estimate the root-mean-square deviation (RMSD) from the bound initial geometry and to cluster the resulting conformers of the drug in bulk solvent. The relative energies of each conformer were extracted and used to calculate the probability of the microstates as defined by the Boltzmann distribution formula:
where n is the number of structures belonging to each cluster i, E i is the energy of the average structure extracted from i, T is the temperature in Kelvin, R is the gas constant expressed in kcal/mol, and j is the total number of clusters.
RESULTS AND DISCUSSION
The 100-ns MD simulation of VLB in aqueous solution provided conformations that did not differ from the initial structure by more than 1.5 Å of RMSD. The clustering analysis identified three main conformers differing in just the value of the torsional angle relating the catharanthine and vindoline domains. The most populated one, by far, was precisely that found in the complex with tubulin in the crystal structure. Thus, we can state that the VLB structure, and by extension that of the other Vinca alkaloids, is quite rigid and that the conformation of the ligand in aqueous solution is likely to be the same as that present in the VLB-tubulin complex (Fig. 3) . Therefore we can safely assume that these compounds are Fig. (2) . PyMOL representation of the two -tubulin heterodimers ( -tubulin in green, -tubulin in cyan, and GTP and GDP nucleotides in magenta) stabilized by colchicine (represented in grey sticks) and bound to VLB (represented as orange sticks) and the stathmin-like domain of protein RB3 (pink helix), as found in PDB entry 1Z2B. The central figure represents the system that was extracted and solvated for our simulations.
highly preorganized for binding to curved tubulin at the 1 2 interface between heterodimers.
In their respective complexes with 2 1 -tubulin, mutual adaptation during the MD simulations between the drugs and the side chains of the amino acids making up the binding site improved the intermolecular interactions and provided distinct details for each complex. The four Vinca alkaloids studied (Fig. 1) exhibit overall similar van der Waals and electrostatic interaction energy terms (Fig. 4) 248 and Pro 2 325 establish contacts mainly with the indole ring in Fig. (3) . Best-fit superposition of the three conformers of VLB extracted from the MD simulation in aqueous solution over the initial tubulin-bound structure (light gray). The ratio between relative energy of the conformer (Er) and the probability of the microstate according to the Boltzmann distribution (pi) is shown. Fig. (4) . Detail of the drug-binding site at the 1 2-tubulin (cyan/green) interface in each of the complexes studied after the MD simulation and subsequent energy refinement of the average structure. VNC (yellow), VLB (pink), VNR (white), VFN (blue), and GDP (magenta) are shown as sticks as well as the amino acids charted in the energy decomposition analyses. Only polar hydrogens are displayed and hydrogen-bonding interactions are depicted as broken lines. For clarity only the main drug-interacting amino acids have been labeled. the catharanthine domain while Val 2 328, Asn 2 329, Ile 2 332, Ala 2 333, and Val 2 353 interact with both drug domains. There are two common intermolecular hydrogen bonding interactions: one between the carboxamide of Asn 2 329 and the methyl-ester in the catharanthine domain, and another between the charged amino group in the catharanthine domain and the backbone carbonyl of Val 1 177. But while this latter interaction is a direct hydrogen bond in the complexes with VNC and VLB, the slight change of geometry induced by the shortening by one carbon of the seven-member ring in the catharanthine domain of VNR and VFN causes this interaction to be water-mediated, which could be translated into a lower affinity. Importantly, the formyl group on the indole ring of VNC that replaces the methyl in VLB is able to engage in a hydrogen-bonding interaction with the positively charged amino group of Lys 1 176. This must be relevant for the in vivo action of these two drugs because VNC and VLB, despite this minor structural variation, are endowed with distinct spectra of pharmacological activity and dose-related toxicities, as well as differential cellular uptake and retention characteristics [47, 48] .
The binding features of the four structurally similar analogs can be compared pairwise because the differences among them are mostly confined to the number of carbon atoms in the central saturated ring of the catharanthine domain and the presence or absence of a hydroxyl group in the common six-membered ring of this same domain. Thus, VNR and VFN lack the hydroxyl in their sixmembered ring (Fig. 1) whereas VNC and VLB have a sevenmembered ring with an attached hydroxyl that acts as a hydrogen bond donor to the carbonyl oxygen of Pro 1 222. On the other hand, the saturated double bond and the two fluorine atoms that differentiate VFN from VNR provide only a marginally improved electrostatic interaction with Val 1 177 and Tyr 1 224 (Fig. 5) . Taken together, our results are therefore in overall semiquantitative agreement with the binding affinities measured experimentally (VNC> VLB > VNR > VFN).
It must be realized that in curved tubulin the binding site we have studied is exposed to the solvent and displacement of any bound water molecules by drug binding must be accompanied by the release of these water molecules into the bulk solvent, which is thought to result in a significant entropic contribution to the binding energy. The same can be said about the water molecules in contact with the hydrophobic surfaces of the drugs that are released upon complex formation. These two processes are likely to underlie the experimental observation that binding of these drugs to tubulin is an entropically driven process [25, 26, 49] . For the better studied HIV protease, it was concluded for some ligands that the origin of an unfavorable enthalpy, despite the fact that intrinsic interactions were favorable, was the energy cost of rearranging the flap region in the enzyme and that the dominant binding force was the increase in solvent entropy that accompanies the burial of a significant hydrophobic surface [30] .
One limitation of our first approximation to the binding of these agents to tubulin is, of course, the restraints that we imposed on the C trace of the protein. This was done to prevent any major artifactual distortions on tubulin in the absence of protein RB3, which was not included in our simulations for computational efficiency. This limitation may have prevented a deeper burial of both VNR and VFN in the binding site so as to establish a direct hydrogen bond between the charged amino group in the catharanthine domain and the backbone carbonyl of Val 1 177. If this were the case, the wedge effect at the 1 2 -tubulin interface upon drug binding would be greater for VNR and VFN than that observed for VLB and VNC, and this may well account for the finding that the spiraling potential of VFN, a property that happens to be inversely related to the clinically used dosage, is the lowest of all [25, 50] .
Since it is well known that MT's behavior depends on -tubulin isotype composition [5] , one could have expected differential interactions between these drugs and tubulins of diverse amino acid composition at both the inter-dimer and intra-dimer interfaces [6] . However, when we performed a multiple sequence alignment (Fig.  6 ) and mapped the drug pharmacophoric region onto it no differences were found. Therefore, and taking into account that these alkaloids bind to unpolymerized curved tubulin, their different Fig. (5) . Residue-based free energy decomposition for the binding of the four Vinca alkaloids to the 1 2-tubulin interface. The filled bars represent van der Waals energy + hydrophobicity (SASA) while the empty bars stand for the sum of electrostatic ( Gele in the gas phase) and desolvation (total GGB) energies.
binding affinities must surely arise from distinct kinetics of MT formation and catastrophe being exhibited by the tubulin isotypes and their mixtures rather than from changes in drug-protein interaction patterns.
CONCLUSIONS
An MD simulation of VLB in aqueous solution showed a conformational rigidity in this alkaloid that is translated into a high degree of preorganization for tubulin binding and can be safely assumed for the remaining members of the Vinca family of drugs. By extracting the relevant interdimer interface from the only available crystal structure of VLB-bound tubulin and using model building and simulation techniques, we explored the conformational behavior of the drug-binding site in the presence of VLB, VNC, VNR and VFN. The resulting complexes showed a distinct and consistent pattern of intermolecular interactions that were analyzed using the MM/GBSA approach. An extensive number of van der Waals contacts and a number of hydrogen-bonding interactions were apparent that nevertheless could not account for the entropydriven free energy changes measured experimentally [25, 26] . This is probably due to enthalpy-entropy compensations arising from polar group desolvation, structural rearrangement of the binding site, and the burial of hydrophobic surfaces upon ligand binding. Nonetheless, we detected the possibility of an extra hydrogen bonding interaction between VNC and Lys 1 176 that is not possible for VLB and could account for the improved binding energy of the former over the latter and for the distinct biological profiles of these otherwise almost identical drugs [25] . Likewise, the absence in VNR of the interaction involving the hydroxyl group in the catharanthine domain that is present in the other alkaloids might well be responsible for the loss of binding free energy in this derivative compared to VLB [25] . Lastly, it seems that the introduction of the two fluorine atoms in VFN is not translated into an improved thermodynamic profile, in agreement with experimental data showing a worse binding enthalpy for this derivative relative to VNR and consequently to VNC and VLB [26] . The resulting pharmacophore for drug binding cannot explain any differences regarding -tubulin isotypes, given the fact that the residues in contact with the drugs are highly conserved in the tubulin family. Hence, it is more likely that any differences observed result from variations in the kinetics of MT formation and catastrophe rather than from a distinct set of drug-protein interactions. Fig. (6) . Multiple sequence alignment of the -tubulin isotypes I (Q9H4B7), IIA (Q13885), IIB (Q9BVA1), IIC (P68371), III (Q13509) and IV (P04350). The shaded boxes highlight the -tubulin regions that interact with the Vinca alkaloids, which happen to be of identical sequence in all isotypes. Asterisks, colons, dots and blanks indicate, respectively, identical residues and conservative, semi-conservative, or non-conservative mutations.
